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I. INTRODUCTION 

The analysis of the semileptonic decays of the baryon octet Bi — )■ BjCPe presents an opportunity to shed hght on 
the Cabibbo-Kobayashi-Maskawa (CKM) matrix element Vus- At zero momentum transfer, the weak baryon matrix 
elements for the Bi — > BjeDe transitions are determined by just two constants — the vector coupling p^"^^^ and its 
axial counterpart cf'^^. In the limit of exact SU(3) symmetry p:^'^' and Q^'^' are expressed in terms of basic 
parameters — the vector couplings are given in terms of well-known Clebsch-Gordan coefficients which are fixed due 
to the conservation of the vector current (CVC), while the axial couplings are given in terms of the familiar SU(3) 
octet axial-vector couplings F and D. The AdemoUo-Gatto theorem (AGT) pj protects the vector form factors 
from leading SU(3)-breaking corrections generated by the mass difference of strange and nonstrange quarks — the first 
nonvanishing breaking effects begin at second order in symmetry-breaking. As emphasized in Ref. [2], the vanishing of 
the first-order correction to the vector hyperon form factors ' ' presents an opportunity to determine Vus from the 
direct measurement of VusF^^^\ The axial form factor, on the other hand, contains symmetry-breaking corrections 
already at first order. We note that the experimental data on baryon semileptonic decays Q are well described by the 
Cabibbo theory which assumes SU(3) invariance of the strong interactions. However, for a precise determination 
of Vus one needs to include the leading and very likely also the subleading SU(3) breaking corrections. 

The theoretical analysis of SU(3) breaking corrections to hyperon semileptonic decay form factors has been per- 
formed in various approaches, including quark and soliton models, the 1/Nc expansion of QCD, chiral perturbation 
theory (ChPT), lattice QCD, etc. (for an overview and references see [1]). In Ref. Q we have suggested the use of a 
quark-based approach, which offers the possibility to consistently include chiral corrections (both SU(3)-symmetric 
and SU(3)-breaking) to the baryon semileptonic form factors. By matching the baryon matrix elements to the cor- 
responding quantities derived in baryon ChPT we reproduced the chiral expansion of physical quantities (e.g. mass, 
magnetic moments, slopes and the axial charge of the nucleon) at the order of accuracy at which we worked. In the 
valence quark calculation of the baryon matrix elements we employed a simple generic ansatz for the spatial form of 
the quark wave function 0] . 

In the present paper we evaluate the baryon matrix elements within a Lorentz and gauge invariant constituent 
quark model [1, Note that in Refs. [l^, |Tl| we have studied the electromagnetic properties of the baryon octet 
and the A(1230)-resonance in an analogous approach. In particular, we developed an approach based on a nonlinear 
chirally symmetric Lagrangian which involves constituent quarks and chiral fields. In a first step, this Lagrangian was 
used to dress the constituent quarks with a cloud of light pseudoscalar mesons and other (virtual) heavy states using 
the calculational technique of infrared dimensional regularization (IDR) [l2l|. Then, within a formal chiral expansion, 
we evaluated the dressed transition operators relevant for the interaction of quarks with external fields in the presence 
of a virtual meson cloud. In a next step, these dressed operators were used to calculate baryon matrix elements. (A 
simpler and more phenomenological quark model based on similar ideas regarding the dressing of constituent quarks 
by the meson cloud has been developed in Refs. Q-) In the present paper we improve the quantitative determination of 
valence quark effects by resorting to a specific relativistic quark model [sl. describing the internal quark dynamics. 
This procedure will allow us to generate predictions for all six form factors showing up in the matrix elements of the 
semileptonic decays of the baryon octet. With the explicit form factors together with radiative corrections, we present 
predictions for the corresponding decay widths and asymmetries. 

The paper is structured as follows. First, in Section IL we discuss the basic notions of our approach which is 
directly connected to our previous work in Refs. 0, [l^, El- That is, we derive a chiral Lagrangian motivated by 
baryon ChPT [T^ . [Tsj . and write it in terms of quark and mesonic degrees of freedom. Using constituent quarks 
dressed with a cloud of light pseudoscalar mesons and other mesons heavier than the pseudoscalar mesons, we derive 
dressed transition operators within the chiral expansion, which are in turn used in a Lorentz and gauge invariant 
quark model Q explicitly including internal quark dynamics to calculate baryon matrix elements. In Section III we 
derive specific expressions for the vector and axial baryon semileptonic decay constants, while in Section IV we present 
the numerical analysis of the axial nucleon charge and the vector and axial vector hyperon semileptonic form factors. 
Finally, in Section V we summarize our results. 

II. APPROACH 
A. Matrix elements of semileptonic decays of the baryon octet 

In Refs. [13, [iH we have developed a Lorentz covariant quark approach which allowed us to study light baryon 
properties based on the inclusion of chiral effects in a consistent fashion by matching the quark model approach to 
the predictions of ChPT. In particular, our results for various baryon properties (static properties and form factors 
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in the Euclidean region) derived in 0, [T^, [HI using this approach satisfy the low-energy theorems and identities 
dictated by the infrared singularities of QCD (see, e.g., the detailed discussion in Refs. [slJlOj] and a brief overview in 
Section HE! . 

The main idea is to include chiral effects in the transition quark operators, which are then sandwiched between 
the respective baryon states. We have developed a technique which allows us to explicitly generate chiral corrections 
associated with the small scale A ^ m^, where mq is the constituent quark mass, together with effects of the internal 
dynamics of the valence quarks. In particular, as a first step, we dress the bare valence quark operators by a cloud 
of pseudoscalar mesons and states heavier than the pseudoscalar mesons in a straightforward manner by the use of 
an effective chirally-invariant Lagrangian (see the explicit forms in Refs. [1, [l^, [HI and the relevant expressions for 
the calculation of semileptonic form factors below). In particular, the Lagrangian which dynamically generates the 
dressing of the constituent quarks by the mesonic degrees of freedom, consists of two basic pieces Cq and £[/: 

Cqu = Cq + Cu, = £W+4')+£f)+4^) + --- , Cu = C^u^ + ---. (1) 

The superscript (i) attached to and £q denotes the low energy dimension of the Lagrangian: 



4'^ = ^(t.x+x+>, 4'^ 



ip-m+ ^giT 



(2a) 



4'^ = ^{x+)q<^'''F+^q+^qa^'^{F+^X+}q+^q<r^''{F+,X+)<l+ ■■■ , (2d) 

where the symbols ( ), [] and { } occurring in Eq. Q denote the trace over flavor matrices, commutator, and 
anticommutator, respectively. In Eq. ([2]) we display only the terms involved in the calculation of semileptonic vector 
and axial vector quark coupling constants. 

We use the following notation, q, U = = exp{i(f>/F) are the quark and chiral fields, respectively, where (f> is the 
octet of pseudoscalar fields and F is the octet decay constant, cr^,y = i/2[jf^, -fi,], = i{u\ V^u}. I?^ and are the 
covariant derivatives acting on the quark and chiral fields, respectively, including external vector (w^) and axial (a^) 
fields, = u^F^^u ± uF^^u^ is the stress tensor involving ti^ and a^, x± — u^xu^ ± ux^u and x+ — X+ ^ (x+) /3 
with X — 2BA4 + . . ., where B is the quark vacuum condensate parameter and M = diag{m, to, rfis} is the mass 
matrix of current quarks (We work in the isospin symmetry limit with rhu = rhd = rh = 7 MeV. The mass of the 
strange quark rhs is related to the nonstrange one via TOj ~ 25 to) . 

The parameters m — 420 MeV and g — 0.9 denote the constituent quark mass and axial charge in the chiral limit 
(i.e., they are counted as quantities of order 0(1) in the chiral expansion). C'^ , Dl and Ef are the SU(3) quark 
second-, third- and fourth-order low-energy constants (LEC's). We denote the SU(3) quark LEC's by capital letters 
in order to distinguish them from the SU(2) LEC's c^, and e^. Also, for the quark LEC's we use the additional 
superscript "g" to differentiate them from the analogous ChPT LEC's: Ci, Di, Ei in SU(3) and Ci, di, in SU(2). 
For the numerical analysis we will use: Af^r = 139.57 MeV, Mk = 493.677 MeV (the charged pion and kaon masses), 
Mr, = 547.51 MeV and F = {F^ + Fk)/2 in SU(3) with F^ = 92.4 MeV and Fk/F^ = 1.22. Using the Lagrangian P 
we can calculate the semileptonic vector and axial vector quark couplings including chiral corrections following the 
procedure discussed in detail in Refs. [l,[l3j[IH- In Appendix \K\ we list the results for the semileptonic quark couplings 
/f,2,3; /i,2,3j^,'i;i.3'nd ffi^,3 up to Order 0{p'^) in the three-flavor picture. 

In Refs. [lO, llH we illustrated the dressing technique in the case of the electromagnetic quark operator. We 
performed a detailed analysis of the electromagnetic properties of the baryon octet and of the A — > iV7 transition. In 
Ref. Q we extended this technique to the case of vector and axial vector quark operators, deriving master formulae 
for the calculation of the semileptonic form factors of baryons including the effects of valence quarks together with 
chiral corrections. Below we briefly review the derivation of these master formulae, which will be the starting point 
for the present paper. 

First, we define the bare vector and axial vector quark transition operators constructed from quark fields of flavor 
i and j as: 

JtL,v{q) ^ j d'^xe-'-'i'-' j,,,v{x) , jp^.vix) = qj{x)"f,,q,{x) , (3a) 
Jii,A{q) = j d^x e~ j^^^Aix) , j/iAix) = 9i (a;) 7m 75 ft (a;) . (3b) 
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Next, using the chiral Lagrangian derived in Ref. we construct the vector/axial vector currents with quantum 
numbers of the bare quark currents which include mesonic degrees of freedom. These currents are then projected on 
the corresponding (initial and final) quark states in order to evaluate dressed vector f]^ {q^) and axial vector g^^{q^) 
[k — 1,2,3) quark form factors which encode the chiral corrections. Finally, using the dressed quark form factors in 
momentum space we can determine their Fourier-transform in coordinate space. 

(x) and their Fourier transforms J'^^y\A)^q) 



In the one-body approximation the dressed quark operators J^'^^^^-j 



have the forms (for an extension which also includes the two-body quark-quark interactions see Ref. Q) 



Jn, V 



rdr 



d" [qj{x)af,uqi{x)] 



idf, [qj{x)q^{x)] , 



J.Til) - / d''xe'^'>-^q,ix) 



l,fl\q') + "-^^r,\q') +^fHq') 
nii mi 



qi{x) , 



(4a) 
(4b) 



and 



j: 



dress / 
fi, A 



(q) = / d^xe-^«-g,(x) 



ii^ 75 9i (q 



d" [qj{x)(Tf,^^5qi(x)] 
9m 



53^ (-5^) 



■75 32^(9^) + ^75 53^(9^) 



y /-„2^ 



^^^[qj{x)^•iq^{x)], (5a) 



qi{x) 



(5b) 



where TOi(j) denotes the dressed constituent quark mass of the i(j)-th flavor generated by the corresponding chiral 

Lagrangian (for details see Ref. [l^); fi2 3(9^) and 3(9^) denote the quark-level vector and axial vector i ^ j 
flavor changing form factors. Up to and including the third order in the chiral expansion, the tree and loop diagrams 
which contribute to the dressed vector ^^'^^'(g) and axial vector J^'^'^(g) operators, respectively, are displayed in 

Figs.l and 2 of Ref. [1]. In Appendix [X\ we present our results for the semileptonic vector f^^ = /^"' (O) and axial 
9k ~ 9ki^) couplings at the order of accuracy at which we work - up to order O(p^) in the three-flavor picture 
including chiral corrections (both SU(3)-symmetric and SU(3)-breaking). For simplicity we restrict our approach to 
the isospin symmetry limit in our consideration. 

In order to calculate the vector and axial vector current transitions between baryons we sandwich the dressed quark 
operators between the relevant baryon states. The master formulae are: 



{Bdp')\ JtvUil) mp)) = {2nr 5\p' -p-q) M;^;^i^^{p,p') , 



(6) 



fc=l 

= usAp'){l,F^^''^iq') + '-^F^'^'^iq-) + ^ F^^ {q-)\usM , (7a) 

k=l 

= SB,(p')|7,75Gf^^(g2) + l^^,G^^^^iq') + ^j,G^^^^q')\uBM, (7b) 

where Bi (p) denotes the baryon state and u s . (p) is the baryon spinor normalized according to 

{B,ip')\B^{p)) = 2Eb, {2T:f5\p-p'), ubMubM = 2™b. . (8) 

The baryon energy and its mass are denoted by = \J -|- p"^ and msi- The index attached to the baryon 

state indicates the flavor of the quark involved in the semileptonic transition, and F^^^^ {q^) and G^^^^ {q^) with 
fc = 1, 2, 3 are the vector and axial vector semileptonic form factors of the baryons. 

The main idea of the above relations is to express the matrix elements of the dressed quark operators in terms of 
the matrix elements of the bare vector and axial vector quark operators V^f.{Qi) and ^^;j(0), respectively, where 

VU^) = q.mlM^) ' <fe(0) = q,mikm , (9) 
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with 



r;.,i = 7^.75, r^,2 = ^^75, r^,3 = — 75. (lo) 



Next we specify the expansion of the bare matrix elements {Bj{p') \ V^"'j,(0) \Bi {p)) and {Bj{p') \ ^^^,(0) \Bi {p)) in terms 

of the form factors V^f'^^ {q^) and Afj^'^' (q^) with (/ — 1, 2, 3) encoding the effects of the internal dynamics of valence 
quarks: 

{B,{p')\V:\{0)mp)) = UBAp')Uv,f^'{q') + '^^V,f''^{q') + ^V,f''^{q'))uBAp), (11a) 

V "^Si TIB- / 

(i?,(p')l<.(0)|S.b)) = ^S,(p)f7M75<'^^(g') + ^^75Aff^(q2) + ^75Affng2))z.B.(p). (lib) 

V "^Si 'TIS- y 

Combining chiral effects (encoded in the chiral form factors f]^ [q^) and g]^{q^)) and valence quarks effects (encoded 
in the form factors V^^^^ {q^) and Afj^^^ i'f)) the expressions for the vector and axial vector form factors F^^^^ and 
Gf'^\ which govern the semileptonic transitions between octet baryons, are defined as: 

Ff^''^{q')^j:n' Gf ^^(,2) =^.9;^(,2)Aff^(,2), (12a) 

k=l k=l 

F,'''^^{q')^t.fl'(^")<''''(l")^ ^^(,2) =^5;^(g2)Aff ^(,2), (12b) 

fc=l k=l 

Ft'''{q')^jZfn<l')Vr'{'i')^ Gf ^^(g^) =^5l^(g2)Aff ^(g^), (12c) 



k=l k=l 



Note that the operators V{A)^^ ^{0) are proportional to q^, and therefore do not generate contributions to the baryon 
form factors F^2^^ {q^) and G^'.^^ (q^). Further simplifications occur when we consider the semileptonic coupling 
constants of baryons at maximal recoil q^ = 0. For the couplings encoding valence quark effects we get the following 
constraints due to Lorentz covariance and gauge invariance: 

(0) = Aff^ (0) = , Vi^""^ (0) = OiniB, ~ TUB, ) , V^'^^ (0) = ©(m^, - m^, ) • (13) 

It is seen that the V^^^^ (0) and V;^'^^ (0) couplings start at the first order in SU(3) breaking. In the case of the 
couplings fl^ = fl^{0) and g]^ — g}^ (0) encoding the chiral effects we have the following results (see details in 
Appendix : 

1) The vector coupling governing the d u transition is trivial and equal to unity — = 1, because we work 
in the isospin symmetry limit. In the case of the s — > m transition, the corresponding vector coupling /f" contains 
symmetry breaking corrections of second order in SU(3) — 0{[M'j^ — M^)^) and 0({M]^ — M^)^). Note that this is 
nothing but the statement of the AdemoUo-Gatto theorem (AGT) which asserts that the coupling is protected 
from first-order symmetry breaking corrections. 

2) The coupling /g" vanishes due to isospin invariance, while the coupling /|" starts at first order in SU(3) 
breaking — /|" = 0(Af|. - M^). 

3) The axial vector couplings g^ are either equal to zero (e.g. the coupling governing the d ^ u transition) or 
vanish at the order of accuracy that we are working at (e.g. the coupling gl" governing the s — s- w transition). 

The set of Eqs. (I5|- (|12p contains our main result: we separate the effects of the internal dynamics of the valence 
quarks contained in the matrix elements of the bare quark operators V{Ay^ /.{O) and the effects dictated by chiral 
dynamics which are encoded in the relativistic form factors fl\q^) and g^^{q^)- Due to the factorization of chiral 
effects and the effects of the internal dynamics of the valence quarks the calculation of the form factors f{gYl{q^) 
which encode the chiral dynamics, on one side, and the matrix elements of y(^)^fc(0) which encodes the effects of the 
valence quarks, on the other side, can be done independently. The evaluation of the matrix elements y(A)^^(0) is 
not restricted to small momenta squared and, therefore, can shed light on baryon form factors at higher (Euclidean) 
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momentum squared in comparison with ChPT. In particular, as a first step, we employ a formalism motivated by 
the ChPT Lagrangian for the calculation of f{g)]^{q^) which is formulated in terms of constituent quark degrees of 
freedom. The evaluation of the matrix elements of the bare quark operators can then be relegated to quark models 
based on specific assumptions on the internal quark dynamics, hadronization, and confinement. Note that Eqs. 0- 
(fT2)) are valid for the calculations of dressed vector and axial vector quark operators of any flavor content. In Ref. |^ 
we calculated the vector and axial vector coupling constants F^'^^^ (0) and cf (0). Here we extend our analysis to 
all six coupling constants p^'^^ (0) and cf'^^ (0) (i = 1, 2, 3). 



B. Evaluation of the matrix elements of the valence quark operators 

In this section we discuss the calculation of the baryonic matrix elements 

{Bip')\V^,{0)\Bip)) and {Bip')\ A^^.iO) \Bip)) (14) 

induced by the bare quark operators (O. We will consistently employ the relativistic three-quark model (RQM) [1, Q 
to compute the matrix elements (fT4| . The ROM was previously successfully applied to the study of the properties 
of baryons containing light and heavy quarks [^. The main advantages of this approach are: Lorentz and gauge 
invariancc, a small number of parameters, and the modelling of effects of strong interactions at large 1 fm) 
distances. Various properties of light and heavy baryons in electromagnetic, strong and weak decays have been 
successfully analyzed within this RQM [3, 1^] where the effects of valence quarks have been consistently taken into 
account. Here we extend this approach to evaluate the effects of valence quarks in the semileptonic decays of the 
baryon octet. 

Let us begin by briefly reviewing the basic notions of the RQM approach [1, Q . The RQM is based on an interaction 
Lagrangian describing the coupling between baryons and their constituent quarks. The coupling of a baryon B{qiq2q3) 
to its constituent quarks qi, q2 and q^ is described by the Lagrangian 

^nt{x) 9 bB{x) jdXijdX2jdX3F{x,Xi,X2,X3) Jb{xi,X2,X3) + h.c. (15) 

where Js(a;i, a;2, xs) is a three-quark current with the quantum numbers of the relevant baryon B [13. [l5l|. One has 

Jb{xuX2,X3) = e-'-''''Tiq^'{xi)q^'{x2)CT2qt'{x3), (16) 

where ri_2 are Dirac structures, C = 7*^7^ is the charge conjugation matrix and ai{i = 1,2,3) are color indices. In 
Appendix [B] we list the relevant three-quark currents for the baryon octet. The choice of light baryon three-quark 
currents has been discussed in detail in Refs. [13, [3- 

The function F is related to the scalar part of the Bethe-Salpeter amplitude and characterizes the finite size of the 
baryon. In the following we use a specific form for the vertex function p, [^ 

F{x,Xi,X2,X3) = iV _a;^.)2^ (17) 

where $ is the correlation function of the three constituent quarks with masses mi, TO2, and = 9 is a normal- 
ization factor. With the variable Wi defined by Wi = mi/{mi + TO2 + 7713) the function $ depends only on the relative 
Jacobi coordinates {£,i,£,2) via $(^1 + ^2)7 where 

{wi + 2w3) , (18) 
{wi + 2W2) , 

3 

and X = ^ WiXi is the center of mass (CM) coordinate. Expressed in terms of the relative Jacobi coordinates and 

i=l 

the center of mass coordinate, the Fourier transform of the vertex function reads [a l9| : 



Xi ^ X - 




f- W3) 


X2 = X ^ 






X3 = X ^ 




V6 
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The baryon-quark coupling constants gs are determined by the compositeness condition [0] (see also [la, [l7|). 
which implies that the rcnormalization constant of the hadron wave function is set equal to zero: 

ZB = l-S'B(mB) = (20) 

where E^(mB) = g'^gWg{raB) is the first derivative of the baryon mass operator described by the diagram in Fig.l, 
and ms is the baryon mass. To clarify the physical meaning of Ea. (j20l) we first want to remind the reader that 

1/2 

the renormalization constant can also be interpreted as the matrix element between the physical and the cor- 
responding bare state. For Zb = it then follows that the physical state does not contain the bare one and is 
described as a bound state. The interaction Lagrangian Eq. p5|) and the corresponding free components describe 
both the constituents (quarks) and the physical particles (hadrons), which are taken to be the bound states of the 
constituents. As a result of the interaction, the physical particle is dressed, i.e. its mass and its wave function have to 
be renormalized. The condition Zb = also effectively excludes the constituent degrees of freedom from the physical 
space and thereby guarantees that there is no double counting for the physical observable under consideration. In 
this picture the constituent quarks exist in virtual states only. One of the corollaries of the compositeness condition 
is the absence of a direct interaction of the dressed charged particle with the electromagnetic and the weak gauge 
boson field. Taking into account both the tree-level diagram and the diagrams with the self-energy and counter-term 
insertions into the external legs (that is the tree-level diagram times {Zb — 1)) one obtains a common factor Zb which 
is equal to zero (l7| . 

The quantities of interest — the matrix elements (dH) — are described by the triangle diagram in Fig. 2(a). In case 
of the matrix elements {B{p')\ V^^i(O) \B{p)) and {B{p')\ A^j(O) \B{p)) we need to include two additional so-called 
"bubble" diagrams in Figs. 2(b) and 2(c) which guarantee gauge invariance of the matrix elements (see details in 
Refs. d, Q and [H, [l^). In particular, the "bubble" diagrams are generated by the non-local coupling of the baryon 
to the constituent quarks and the external gauge field which arises after gauging of the non-local strong interaction 
Lagrangian (|15p containing the vertex function (|17p . In Appendix [C] we present more details of how to restore gauge 
invariance in the non-local strong interaction Lagrangian through the "bubble" diagrams in Figs. 2(b) and 2(c). 
Note that the contributions of the bubble diagrams Figs. 2(b) and 2(c) to the matrix elements {B{p')\ V^"'i(0) \B{p)) 
and {B{p')\ A^_;^(0) \B{p)) are suppressed. In the present apphcation the bubble diagrams contribute less than 5 % in 
magnitude compared to the contribution of the triangle diagram in Fig. 2(a). 

In the evaluation of the quark- loop diagrams we use the free fermion propagator for the constituent quark Q : 

iS,{x-y)^{0\Tq{x)q{ym = | ^ e^'^^--^) 5,(A) (21) 

where Sq(k) = {raq— }i — ie)~^ is the usual free fermion propagator in momentum space. The appearance of unphysical 
imaginary parts in Feynman diagrams can be avoided by postulating the condition that the baryon mass must be less 
than the sum of the constituent quark masses Mb < • 

In the next step we have to specify the vertex function $, which characterizes the finite size of the baryons and the 
internal quark dynamics. In principle, its functional form can be calculated from the solutions of the Bethe-Salpeter 



equation for baryon bound states [20|. In Refs. 21| it was found that, using various forms for the vertex function, the 
basic hadron observables are relatively insensitive to the specific details of the functional form of the hadron-quark 
vertex form factor. Using this observation as a guiding principle, we select a simple Gaussian form for the vertex 
function $ (any choice for $ is appropriate as long as it falls off sufficiently fast in the ultraviolet region of Euclidean 
space to render the Feynman diagrams ultraviolet finite). We shall employ the Gaussian form 

Hkls, klE) = exp(-18 [kl^ + klE\l^l) , (22) 

where kiE and k2E are Euclidean momenta and Kb is a size parameter which parametrizes the distribution of quarks 
inside a given baryon. In previous papers 0, we have determined a set of parameters for the light baryons 

mu md = 420 MeV , m, = 570 MeV , As = 0.75 - 1.25 GeV (23) 

which gives very satisfactory agreement with a wide class of experimental data. Note that most of the results are 
not sensitive to the actual values of As in the above range. We present some sample results of this approach in 
Table 1. These are the magnetic moments of the baryon octet and the nucleon electromagnetic radii generated 
with m„ = md = 420 MeV, rag — 570 MeV and Kb = 1.25 GeV. We show the contributions both of the valence 
quarks (3q) and of the meson cloud. In the present paper we present a corresponding analysis for the semileptonic 
coupling constants of the baryon octet using this same set of model parameters. 
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C. Connection with chiral perturbation theory 

As stressed earlier, results for the baryon properties obtained using this a ppr oach 0, satisfy the low-energy 
theorems and identities dictated by the infrared singularities of QCD [l3|.p^.|22j|-[25j. As a result we can relate the 
parameters of our approach to those of ChPT. In particular, we have analyzed the chiral expansion of the following 
properties of the nucleon: mass, magnetic moments, charge radii, the 'kN cr-term, axial charge and nNN coupling 
constant in SU(2). We have also extended our results to SU(3) including kaon and yy-meson degrees of freedom. 

The results are: 

1. Nucleon mass and TriV a-term. 



rriN 



where 



o 2 g 

TOjv -4ciM2 - II + fciM^ln^ + k^M^ + 0{M^) , (24a) 

o 2 3 

a^N = -4c,M' - + <JiM*\n4^ + a^M^ + ©(Af^) , (24b) 



1 3 / 2 Q Q O 

ki = -^cFi = z — °9A -8ci toat +C2 TOjv +4c3 m^v 

2 327r2i^2 V 

fc2 = ei — 2 gA -C2 , 

1287r2i^2 V / 

(72 = 2ei ^ — - — [Ia -8ci m,N +4c3 m^v ) , (25) 



3A / 2 o \ 

ei = ei ^ Ia -8ci +C2 mAr +4c3 toat I , 

2F2 mN\ J 



and 



Mm) = ^ (-7^ - i(ln47r + r'(l) + 1) ) , A = A(m^) . (26) 



(47r)2 \^d-4 2 

2. Magnetic moments and charge radii. 

° 2 ,^ 

= " 8^ """^ ■ ■ ■ ' 

_ 1 + 5 gA M 
(Op - ^g^,^,ln^^ + ..., (27) 

2 

/^2nM ^ 9A mN 

3. Axial charge gA = G"^(0), ttA^A^ couphng constant and induced pseudoscalar form factor gp{q^) — 2G^P{q^). 
9a-Ia(i + - Iks, + f (3 + 3 gl -4c3 mA. +8C4 + OiM*)) (28a) 



.9A 



16^'^' 24^mAri^2 



O O 



Mf" 4ciAf2 Af2 °jM2 



(12 + 3g^-16c3mw+32c4m^)+0(M*)^^^(l + AGT), (28b) 
gp{q') = Am^F^j^^ - ^m%gA{r\) + 0(j?) (28c) 

where (r^) is the axial mean-square radius, Aqt = —^dx^lS/P j °gA +0(M^) is the correction [2^ to the Goldberger- 
Treiman (GT) relation [2fj] which vanishes in the chiral limit (in full equivalence with the prediction of ChPT). Note 
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that the correction Aqt is related to the so-called Goldberger-Treiman discrepancy [23 Ad = 1 — {mNgA/ F-ng-KN) 
via Aqt = ^d/(1 — Aq). In Eqs. we use the standard notation for the parameters of the ChPT 

Lagrangian: M represents the pion mass to leading-order in the chiral expansion, ^FV is the leptonic decay constant 
(F is its value in the chiral limit), gA and mjv are the axial charge and mass of the nucleon in the chiral limit; 
li, Ci, di and are the low-energy constants (LEC's) with an overline indicating that the corresponding LEC's are 
renormalized. 

In order to reproduce the above model-independent results we need to fulfill the following matching conditions 
between the parameters and LECs of the ChPT Lagrangian and our chiral quark-level Lagrangian (for the quark 
level LEC's we use the additional superscript "q" to differentiate them from the analogous ChPT LEC's) : 

o / o \ 2 

rUN _ gA\ _ n2 



, (29a) 

TO \ g ■ 

iciM^ = (to - AclM'^)R^ , (29b) 



o 2 Q 2 

8ci - C2 - 4c3 - 1^ = (8c? -d-Acl-^) R\ (29c) 
TOjv V rriN J 

C3-2c4 = c|-2c« + ^— (29e) 
4 TOjv 

^--64!4^-(^--64^F^)^' 

d.s^dl^R, (29g) 

d22 ^dl^R+ Ia^, (29h) 

where R ~ j4"f (0) and Q — (A"f (0))' — dA^^^q^) / dq^\q2^Q. In addition we deduce the following constraints on the 
form factors encoding valence quark effects: A^^{Q) — R^ and ^"3(0) = —2mj^Q. 

III. RATES AND ASYMMETRY PARAMETERS IN SEMILEPTONIC DECAYS OF BARYONS 

In this section we present detailed theoretical expressions [l^-jsO] for the decay rates and asymmetry parameters 
in semileptonic baryon decays. 

The decay width is given by the expression [2^ 



where 



V{B, ^ B.liyi) = gg^^3^^3 l^cKMp (1 + (Jrad) / (1 - mf/sf ^(S^ - s)(A2 - s) N{s) (30) 

N{s) = F2(s)(A2(4s-TO?)-t-2S2A2(l + 2TOf/s)-(S2 + 2s)(2s + TOf)) 

+ Fi{s){A^ - s)(2S2 + s)(2s + mf)/TO|^ + 3F^ {s)mf {Y,'^ - s)s/m%^ 

+ 6Fi(s)F2(s)(A2 - s)(2s + to^)E/tob, - 6^1(5)^3(5)™? (E^ _ s)A/ms, 

+ G?(s)(E2(4s - mf) + 2E2a2(i + 2mf/s) - (A^ + 2.s)(2s + mf)) 

+ G^(s)(S2 - s)(2A2 + .s)(2s + mf)/m% + 3Gl{s)mf{A^ - s)s/m% 

- 6G'i(s)G2(s)(I]2 -s)(2s-f TOf)A/mB, -|-6Gi(s)G3(s)TOf(A2-s)I]/ms, . (31) 
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We have introduced the notation: s = q^, T, = + msj, A = tob^ — niBj , f3 = {rriBi — ms^O/wBi- The factor ^rad 
represents the effect of radiative corrections |29| (see Table 2), Gp = 1.16637 x 10~^ GeV~^ is the Fermi couphng 
constant, and mi is the leptonic (electron or muon) mass. For the corresponding CKM matrix elements Vckm = Vud 
or Vus we use the central values from [|: Vud = 0.97377 and = 0.225. Also we assume that the form factors are 
real. 

Next we simplify the master formula (|30p . integrating over s and including terms up to 0{(3'^) where (3 = A/tob. is 
the SU(3) breaking parameter. (In this case the term proportional to Gg can be omitted because it already starts at 
order 0{f3^).) Also, we include the momentum dependence of the leading form factors Fi{s) and Gi{s) and neglect 
the momentum dependence of the others. We expand the form factors Fi{s), Gi{s) to first order in s: 

F,{s) ^ Fi(0)(l + + 0{s')) , Gi(.) = Gi(0)(l + -^(rlj + 0{s^)) , (32) 

where (r^^) and (?'^^) are the "charge" radii of the Fi and Gi form factors calculated within our approach (c/. the 
numerical results in Sec. IIV[) . In addition we retain finite lepton masses. These approximations are sufficient for both 
the n — > pe~De decay and for the muonic decay modes of hyperons. We also retain terms containing the form factors 
F3 and G3 . Although their effects are proportional to mf they may give a measurable contribution for muonic modes 
(see also the discussion in Ref. 30, 31]). 

At the order of accuracy to which we work the result for the decay width reads (exact formulas can be found in 

diiOi): 

TiB, ^ B.li^i) = ^ \Vckm\^ A5 (1 + 5,ad) I [Fl + 3Gl)il - ^p) Roix) + (^F? Rp, (x) + ^Gl RgA^) 



12 



-Fi Rf, {x) + —Gl Rg, (x) + F^ Rf, (x) + -F1F2 Rf,^ (x) + G1G3 Rq,, {x] 



- iPil-^P)iF,F3RF,A^)+GlG2RG^A^))j+OiP'), (33) 

where Fi = Fi{0), Gi — Gi{0) and x — nii/A. Here the functions Ri{x) take into account the charged lepton mass 
mi (see their expressions in Appendix |D]) . In the calculation of the asymmetry parameters we restrict ourselves to 
the electron modes. The expressions for the electron-neutrino Oei/^, electron a,, neutrino a^^ and emitted baryon ob 
asymmetries to the order of accuracy at which we are working are given in [29| . 



IV. NUMERICAL RESULTS 



In this section we present our numerical results for the semileptonic decays of the baryon octet — coupling constants, 
decay widths and asymmetry parameters. First, we calculate the vector V^f'^^^ and axial vector Af^'^^ couplings 
representing the contribution of the pure valence quarks to the semileptonic form factors of the baryons p^^^^ and 
G^'^^, i.e., when = 1, g^-^ = 1 and f2^^ = g'-l^ — 0. This limiting case corresponds to the projection of the 
nonrenormalized weak quark current jp_y^A = 9^7/^(1 ~ Ts)?; between the respective baryon states. Our results for 
V^""^' and A^x^^ are displayed in Tables 3 and 4. In Table 3, for comparison, we also present the predictions of the 
naive SU(6) model for the couplings V^'^^ and Afl^\ 

Combining the contributions of the valence quarks and chiral effects we then derive the full expressions for the 
semileptonic couplings constants F^'^' and Gf^^\ The resulting forms are listed in Tables 5, 6 and 7. For con- 
venience, we present the results for the leading (Fermi) p:^'^^^ — fiV-^^^^ and (Gamow- Teller) Gf'^^ — g^^ A^l^^ 
couplings in the form of a product of their SU(3) symmetric value together with a multiplicative factor 1 + Sy'^^ 
which includes the SU(3) breaking correction Sy'^^ . (We remind the reader that the quark couplings f2''3 and gl^^ do 

not contribute to the leading baryon couplings p^'^^^ and Gf .) Note that the axial vector couplings gf" and gf" 
defining the d u and s u flavor transitions, respectively, are expressed in terms of the unknown LEC's G"^ and 
D^. We fix the value of these couplings to be gf^ = 0.874 and t/f" = 0.855 in order to reproduce the experimental 
data on the semileptonic decay widths as well as the ratio Gi/Fi = 1.2695 in n ^ p + e~ + Pe decay. 
The nucleon axial charge in the SU(3) limit (c/. Appendix]^ — g^^ — is given by 

gf' = 1.258 (34) 
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while the SU(3) breaking parameters, Sy^^^ and 6^^^' are found to have the form 



4^ = -0.069 (val) + 0.070 (ch) = 0.001 , 

(5p" = -0.061 (val) + 0.070 (ch) = 0.009 , (35) 

^ _o.048 (val) + 0.070 (ch) = 0.022 , 

S^^ = -0.028 (val) + 0.070 (ch) = 0.042 , 



and 



57 = (val) + 0.009 (ch) = 0.009 , 
Sf" = 0.024 (val) + 0.009 (ch) = 0.033 , 

= -0.030 (val) - 0.013 (ch) = -0.043 , 
^5" = 0.091 (val) - 0.013 (ch) = 0.078 , (36) 
6%^ = 0.066 (val) - 0.013 (ch) = 0.053 , 

= 0.0085 (val) - 0.013 (ch) = -0.0045 

where have denoted the contributions of valence quarks and chiral effects by the round brackets (val) and (ch), 
respectively. 

Note that the SU(3) breaking corrections to the vector couplings 5^"^^ begin at second order, in accord with the 

Ademollo-Gatto theorem (AGT) [l[ (see discussion in Appendix IE|) . while corrections to the axial couplings g^'^' 
begin at first order. In this regard, if one works to first order in symmetry breaking, our results must be expressible in 
terms of a model-independent representation for the axial couplings derived in terms of the SU(3) symmetric couplings 
D and F plus four SU(3)-breaking parameters Hi P, [13] (c/. the discussion in Ref. [H]) — 

g-/ = D + F+^iH2-H,), 

- -/K^ + f + ^(^1 - - 3i/3 - 6ff4) 

5r^-y|(^+J(^i+^2+3i/4)), (37) 
91^ = ]II(f - I + i(2i/i -H2- SH, + 6iJ4) 
gf''" ^\ll{D + F-^iH2-H3)y 

gf^^ ^D + F-^{H2-H3). 
Such a representation is indeed found to hold in our model with the values 

L> = 0.7505, F = 0.5075 (38) 

for the SU(3) symmetric couplings, and 

Hi = -0.050 , H2 = 0.011 , H3 = -0.006 , H4, = 0.037 (39) 

B ■ B ■ B .B ■ f 1 1 

for the SU(3) breaking terms. The components of 5^' ^ which are first order in symmetry breaking — S^^' — are 
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proportional to the couplings Hi via: 



.np(l) _ _9rHS(l) _ 2(^2 - H3) 
~ ^ ~ i{D + F) 

■-Ap(i) _ Hi — 2H2 — '3Hi — 6H4 
^ ~ 3(D + 3F) ' 

Sn(l) _ iJi + ffa 

3(D - F) ' 
sA(i) _ H1 + H2 + 3Hi 
3D 
-Jh 

3{3F~D) 



5a 



5a 



5 a = ^777^ F;^ • (40) 



From Eq. (|40|) one obtains a sum rule which relates the corrections 6^'"^^ — —25^^'^' to a linear combination of the 
four remaining SU{3) breaking J^'^ ''-parameters together with the SU(3)-symmetric couplings F and D: 

^ ^ 2 /^-3^^,A(i) :^±^5Ap(i) HD^^^„i^, TT^CO • (41) 

^ 3\D + F ^ D + F ^ D + F ^ D + F^ J ^ ' 

The SU(3) LEC's from the chiral Lagrangian ([2]) can now be determined. Three of the four couplings C|, C4, 
Dfg and Dfe '^^^ be fixed by use of three constraints: the value of the nucleon axial charge in the SU(3) limit 
(^^^ = D + F = 1.258 together with the values of the axial quark couphngs gf" — 0.874 and gf^ = 0.855. Keeping, 
e.g., undetermined we can relate the remaining three LEC's via: 

C| = -0.319 GeV^i Df^j , C| = -0.451 GeV"^ D^^ , L)«g = 0.397 D^^ . (42) 



In turn, the couplings C| — —1.476, Ej — 0.086 GeV"'^, i?| = 0.532 GeV"^ are fixed from the description of magnetic 
moments of the baryon octet, while Eq = 1.868 GeV~^ is found from the induced pseudoscalar form factor of the 
nucleon. The coupling = 0.006 GeV~^ is determined by fitting the slope of the form factor G"^: {rQ_^) — 0.45 fm^. 
Finally, the coupling Dfg = —0.548 GeV~^ is fixed by the fitting the central value of the induced pseudoscalar coupling 
of the nucleon gp = (M^/TOAr)G7(g2 = -0.88Af2) ~ 8.25 predicted by GhPT [H, [H together with the value of 
the pion-nucleon coupling constant g^^N = 13.10. It should be noted that the LEC's C|, i?', and D22 are 

unimportant for reproducing the semileptonic decay widths because they make no contribution to the leading baryon 
couphng constants F^'^^ and Gf'^\ 

Of particular interest is the decay — > ne^De for which we predict Gi/Fi = —0.260 and (Gi — 0.237G2)/Fi — 
—0.278 (see Table 6). The latter result underestimates the experimental value —0.327 ± 0.007 ± 0.019. However, this 
ratio was extracted by neglecting the dependence of the form factors -Fi and Gi in the decay E~ — s- ne~V(. decay. 
We find (see the discussion below) that inclusion of the dependence brings about agreement with the data for both 
electron and muon decay widths of the decay E" nl~vi. 

In Table 7 we present our results for the nonleading baryon semileptonic couplings -^2,3 and G2,3. One can see 

that the pseudoscalar couplings G^'^^ are dominated by the corresponding pion or kaon pole contribution. (Here the 
leading contribution of the pole term is shown in brackets.) We also display the induced pseudoscalar coupling constant 
of the nucleon gp, which is fixed by the LEG ZJ^g. In Table 8 we compare our results for the ratios F2^^' / F^^^' : 

i) with the predictions of the simple Gabibbo model in terms of the nucleon magnetic moments and baryon octet 
masses, ii) with the calculations performed in the 1/Nc expansion of QGD 'ss'l, and iii) with the results found in 
the SU(3) chiral quark-soliton model (xQSM) [33|. Because of SU(2) invariance, we exactly reproduce the result of 
the Gabibbo model for the ratio F^^/F"^ in neutron /3-decay, while for the other modes we find SU(3) breaking 
deviations. Our result for the ratio F|""/Fp" = —0.962 compares well: i) with the experimental data (0.97 ± 0.14), 

ii) with the results of the \/Nc expansion of QGD [s^ (—1.02), iii) with the results found in the xQSM model [s^l 
(—0.96), and iv) with calculations done in quenched lattice QGD [3a| (—0.85 ± 0.45). Also, we have quite reasonable 

B - B - B B - ^~^T 

agreement for F2 ' V^i ' ^ with the results of the 1/Nc expansion [33| and with those of the xQSM approach for 
the remaining semileptonic modes. 

Finally, we would like to stress that our results for the various semileptonic couplings of the decay mode E~ — > ne^De 



are in good agreement with the predictions of the lattice approach [35| . In Table 9 we give a detailed comparison 
with the results of Ref. (35j using our conventions for the semileptonic matrix elements. 

It is useful to parametrize our predictions for the weak magnetic couplings F2 in terms of SU(3) symmetric couplings 
together with first order SU(3) symmetry-breaking parameters. As stressed in Ref. [2,] there is an ambiguity in 
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expressing the SU(3) limit that clearly indicates the relevance of the first-order correction. It means that if in 
analogy to Eq. p7)) we introduce a set of parameters {F^^ , D^^ , Hf^} [l| then we should apply it to F2 ' ^(0) or 
to ^^F2 ' '(0). The second choice, ■^^F2 ' ^(0), is traditionally preferred (See discussion in The difference is 

that we in addition multiply p^'^^ (Q) by the nuclcon mass ttin to deal with dimcnsionless coupling). Otherwise the 
SU(3) breaking corrections will be overestimated. Within our model, we determine values for these parameters: 

= 1.237 , F^^ = 0.563 , = -0.246 , H^^ = 0.096 , = 0.021 , = 0.030 . (43) 

Also, we can check the consistency of our results with the model-independent predictions for the second-class 

R R B - B - B - B 

coupling constants J^^^^i = ^^-^3 ' ^ j ^^^2 ' ' to first order in SU(3) breaking, which can be parametrized in 
terms of three SU(3) symmetry-breaking parameters Hf (see details in [1]): 





0, 



























(44) 



3 ' 



Using Eq. (j44|) one can derive the following sum rules for the amplitudes T^^^': 

V6 

T-''^ = -^{2^^'"^ ~ , (45b) 

+ ^) = T-"^^ (45c) 

(Note that the sum rule (|45cp was originally derived in [l[.) When we restrict our calculation to first-order SU(3) 
breaking terms, we indeed fulfill the sum rules (US)) and for the SU(3)-breaking parameters we obtain Hf: 

i/fa = 0.032 , H^"" ^ -0.028 , H^^ = -0.011 , ijf ^ 0.047 , H^^ = -0.035 , Hf^ = -0.009 . (46) 

Next we turn to the discussion of the semileptonic decay widths. We present our results in Table 10: i) total 
width r including all six couplings i^i,2,3 and G'1,2,3, leading dependence of Fi and Gi form factors and radiative 
corrections; ii) predictions r(Fi, Gi) are the results without inclusion of the subleading semileptonic form factors ^2,3 
and G2,3; iii) predictions r(Fi(0), Gi(0)) are the total widths without inclusion of the subleading semileptonic form 
factors ^2,3 and G2,3 and of the dependence in the form factors Fi and Gi; iv) predictions are total results 
without radiative corrections. For comparison we present the results of a pure SU(3) fit where we include only the 
Fi and Gi coupling constants omitting the q^ dependence of Fi an Gi form factors and subleading form factors -F2.3 
and G2,3. The values of Fi and Gi are given by the Cabibbo model [1] where Gi is expressed in terms of the SU(3) 
couplings F and D. We fix F and D via F = 0.470 and D = 0.800. One can observe that the contribution of the 
subleading couphng constants ^2,3 and G2,3 to the semileptonic decay width of the baryon octet is ncghgiblc. On 
the other hand, inclusion of q^ dependence of the leading form factors Fi and Gi makes a significant difference for 
the A — > p, E ^ n and S ^ A decay modes. As stressed above, this q^ dependence inclusion substantially improves 
agreement with the data for both decays nl^vi {I = e, /i). Specifically, the q^ dependence yields a contribution 

of 0.78 X 10*^ s-i (12%) to the decay width of E~ -> ne^De transition and 0.61 x 10^ s'^ (19%) to the decay width 
of — !■ nfi^Df^ transition. 

Another interesting point of discussion - the rate ratio i?"^ = F(S'^ E+e^Pe)/F(S'^ E+/i^t/^) which has 
recently been measured by the KTeV Collaboration (i?"^ = 55.6l^g'7 |36i]). Using a much larger data sample the NA48 
Collaboration has published a preliminary value of (i?g^ = 114. 1± 19.4 [s^])- Our result R^^ = 114.81 nearly coincides 
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with the central value of the NA48 Collaboration and is close to the theoretical prediction of Ref. [3C 



Note, that for the corresponding ratio of the ^ hyperon we find R = r(^ 



-^e)/r(s- 



= 118.71. 
Vf.) = 77.61. 



For comparison, we present the x^/dof for our total results (the first column of Table 10) and the SU(3) fit: 
dof = 1.4 [this paper] and dof = 2.4 [SU(3) fit]. (We exclude from the analysis the results for the 

neutron /3 decay and the poorly known data for the muonic modes of the cascade hyperons S.) 

As mentioned earlier, we include the momentum dependence of the Fi{q^) and Gi{q^) form factors up to first order 
in q^. The slopes for Fi and Gi form factors calculated in our approach are found to be: 



0.66 fm^ , 


n - 




0.51 fm^ , 


A- 




0.59 fm^ , 


E - 


n 


0.50 fm^ , 




A 


0.43 fm^ , 







and 



= < 



' 0.45 fm2 , 


n - 


■^P 


0.32 fm2 , 


A- 


-^P 


0.40 fm2 , 


E - 


-> n 


0.41 fm2 , 


E - 


A 


0.30 fm2 , 




-> A 


, 0.28 fm2 , 




-> S 



(47) 



These predictions for the radii of the Fi and Gi form factors are consistent both with data and with the results of 
alternative theoretical approaches. In particular, the electroproduction and the neutrino experiments which involve 
d u transitions are well fitted using dipole formulas which give {r\ ) — 0.66 fm^ and (r^, ) = 0.40 fm^ for 
the slopes of the Fi and Gi form factors [1^. For the s 
: ) = 0.30 fm^, respectively (see discussion in [2^ 



and 

/^2 



u modes one expects smaller radii (r^ ) ~ 0.50 fm^ 
H^). For example, the authors of 30] find slopes of 
— 0.42 fm^ and ( r^ ) = 0.23 fm^ for the S ^ E transition using a generalized vector dominance ansatz for the 
form factors. In Refs. [SJ, [s^ the F\ form factor radii have been calculated in the framework of ChPT and of the 
xQSM model. Our results are in qualitative agreement with the full covariant result of ChPT [s^, while the xQSM 
approach ^34| gives somewhat higher values for the corresponding slopes: 



0.44 ±0.06 fm^ (ChPT) 

0.51 ± 0.05 fm^ (ChPT) 

0.45 ± 0.03 fm^ (ChPT) 

0.46 ± 0.07 fm^ (ChPT) 



0.72 fm2 (xQSM) , A 
0.60 fm2 (xQSM) , E 
0.66 fm2 (xQSM) , S 
0.80 fm2 (xQSM) , S 



P 
■ n 
A 
E 



(48) 



We do not include the q^ dependence of the Fi form factor in the E — > A transition, since it vanishes on account of 
the assumed degeneracy of the u and d quark masses. 

Our approach generates a very reasonable description of the baryon semileptonic data with only two parameters — 
the axial couplings gf^ and gf^ responsible for the d ~* u and s u transitions, which are in turn expressed in 
terms of the parameters of the chiral Lagrangian (see Appendix [X\i . We remind the reader that the parameters 
controlling the valence quark contributions to the semileptonic properties of baryons — the constituent quark masses 
niu = rud — 420 MeV, rag — 570 MeV and the size parameter Kb = 1-25 GeV — have been previously fixed via the 
analysis of electromagnetic properties of the baryon octet [l,[il|. Also, the same set of parameters (m„ = md, m-s, Ag) 
has been successfully used in the analysis of strong, electromagnetic and weak decays of charm and bottom baryons 
with light baryons in the final state [Sj. In Table 11 we present the decay rates of hyperons divided by the squared 
CKM matrix elements in order to remove the uncertainty related to the values of Vud and Vus- Finally, in Table 12 
we display the predictions for the asymmetry parameters in the electron modes. 



V. SUMMARY 



In this paper we have analyzed the semileptonic decay properties (coupling constants, decay widths and asymmetry 
parameters) of the baryon octet using a manifestly Lorentz covariant quark approach including chiral and SU(3) 
symmetry breaking effects. 

Our main results are summarized as follows: 

- We have derived results for the six couplings governing the semileptonic decays of the baryon octet, revealing 
both chiral and SU(3) symmetry-breaking corrections; 

- We presented a numerical analysis of the decay rates and asymmetry parameters in the semileptonic decays of 
the baryon octet. 

Our results provide a generally improved representation of hyperon semileptonic decay over the conventional SU(3)- 
symmetric (Cabibbo) analysis. We hope that the results of this paper can be used to reliably extract a value of the 
CKM matrix element Vus from semileptonic hyperon decay data along the lines of 0- 
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APPENDIX A: CHIRAL EXPANSION OF THE VECTOR AND AXIAL VECTOR QUARK COUPLINGS 

In this Appendix we list the results for the semileptonic vector and axial quark couplings including chiral corrections 
(both SU(3)-symmetric and SU(3)-breaking). The corresponding SU(3) chiral quark Lagrangian Cqu is specified in 
Sec. II. Below we list the results for the semileptonic quark couphngs 2 3, /i 2 3; 5i 2 3 ^"^^ 9i2 3 order 0{p^) 

in the three-flavor picture. 

1. Vector quark couplings. 

a) Couplings and /f": 

The vector coupling governing the d ^ u transition is trivial and equal to unity — /{^" = 1, because we work in the 
isospin limit. In the case of the s u transition, the corresponding vector coupling /™ contains symmetry breaking 
corrections of second order in SU(3) — 0((Mif -M^)^) and ©((M^^ -M^)^). Note, that the Ademollo-Gatto theorem 
(ACT) protects the coupling from first-order symmetry breaking corrections. The result for the /f" is 



/r = 1 - (^(1 + ^rm.K + H„k) + Sg'iG^K + Gr,K)j = 1 + Sfr . (M) 

Here (5/f" = 0.07 is the SU(3) breaking correction. The 0{p^) functions Hat and Gab, which show up in the context 
of ChPT [see, e.g., Refs. [MEOI], are defined as 

Hab = -j^ (mi + Ml - . - Mlf) , (A2a) 



{AT:Ff\ " ^ Ml -Ml Af2 

_ ( A//"2 

(47rF)2 3m Ma + Mb 



Gab = -tA^^ ^^!: .^f iM'a + 3MaMb + Mi) = ©((M^ - Af2)2) . (A2b) 



b) Couplings ff"' and /|": 

The coupling " is expressed through the linear combination of diagonal couplings /2 and /2 relevant for u ^ u 
and d —I- d transitions: 

ft = I if2 - ft = fr^ + 5ft , (A3a) 
= pl'^'+Sf^, (A3b) 



/3 = -^fl'^'+Sft (A3c) 



where 



sTi „/l 3g^Af''\ 3g^Mm / M\ , - ,^ , 

fT' i^2)+^^-^m' - (-+-)+ OiM^) (A4) 



is the SU(3) symmetric term, and (5/2", and (5/2 are the SU(3) breaking terms. The first-order terms read: 

5}^ = W^{Ml - Ml) + oml - Mlf) , (A5a) 
1 fi 

5f^ = -25 - -m{&, - El){Ml - M^) , (A5b) 

Sft = \{5f2~5ft, (A5c) 
g2 16 , ^„ g'^m ( 2M\ 
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The coupling is given by 



where 



/- = /|U3 + (A6) 



Sfr = {Mt,-Mt)^^ + 0{{Mi,-M',Y), (A7a) 

Here, for convenience, we define the so-called SU(3) symmetric octet mass M of pseudoscalar mesons as = 2fhB 
with rfi = (m„ + md + TOs)/3 — {2m + ms)/2>. Also c',d^ and C^^Dl are the SU(2) and SU(3) quark low-energy 
constants (LEC's). The over line on top of the LEC's denotes renormalized quantities (see definitions in Ref. 01 )• 
c) Couplings /g" and /|": 

The coupling /g" vanishes due to isospin invariance, while the coupling /|" starts at the first order in SU(3) 
breaking: 

^ ^ ^ (- ?f - 4 - - - --)^) ■ 

2. Axial vector quark couplings, 
a) Couplings gf" and gf^: 

The expressions for the axial vector couplings gf" and gf" responsible for the d ^ u and s ^ u transitions are as 
follows: 

du SU3 I r /'An^\ 

5i = 5i + 5gi , (A9a) 



gr = gT' + , (A9b) 



where 



is the SU(3) symmetric term, 5gf^ and 5g^ are the SU(3) breaking terms. Let us display the first-order terms: 

<55f" = hf^{Ml-Ml)+0{{Ml-Mlf), (Alia) 
= /ir(M|:-M2)+0((Mi-Af2)2), (AUb) 

= -2hr + ^^{9 + 23g^) 

9 + f ff') - ^^f^ (9 + yg^ - 16C|m + 24C>) - + ©(A?^) . (Allc) 



967r2F2 

b) Couphngs g!^" and gj": 

The coupling 52" vanishes in the isospin limit, while the coupling gf" is zero at order of accuracy we are working at. 

c) Couplings 53" and gl": 

The couplings ^3" and 5I" are related to the couplings 5*' and gf^ via: 



= 2m^ f - i?|2 - 2^?8 ) . (Al2a) 



The SU(3) LEC's are fixed by: C|_= -1.476, = 0.086 GeV^^, = 0.532 GeV^^ from the description of the 
baryon octet magnetic moments, Eq = 1.868 from the description of the induced pseudoscalar form factor of the 
nucleon. The coupling — 0.006 GeV"^ is fixed by fitting the slope of the form factor G"^: (r^. ) = 0.45 fm^. 
The coupling Df^ = —0.548 GeV^^ jg fixed by fitting the central value of the induced pseudoscalar coupling of the 
nucleon gp = {M^lmiq)Gl^ {q^ = -0.881/2) ^ g 35 predicted by ChPT [H, [H] and the value of the pion-nucleon 
coupling constant g^^r = 13.10. 
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APPENDIX B: THREE-QUARK BARYON CURRENTS AND FIERZ IDENTITIES 

In this Appendix we specify the baryonic currents used in the main text following the approach of (l^ . [l5| . The 
three-quark currents of the baryon octet are (we restrict ourselves to the so-called vector currents obtained in the 
SU(3) limit and without inclusion of terms with derivatives): 

Jso = %/2 £°i°2''37Vs'''"'''C'7Mf^''' , (Bl) 
Jj._ = e'^i'^2'^37^75s''id°2C'7^^a3 ^ 

Jh- = -e''i°=''^7Vf^'''s"^C'7^s"% 
Jho = -£°i°^°37Vw°'s''^C7^s''% 

Jao y^e''i''^°^7VK'rf°'C7ps''' -t^'"u'''C'7Ms''')- 

where C = 7072 is the charge conjugation matrix. 

When generating matrix elements it is convenient to use Fierz transformations and corresponding identities in order 
to interchange the quark fields. First we specify five possible spin structures J"^^^'^ = T"^ (g) (CTa)'"" defining the 
Fierz transformation of the baryon currents: 

P = I®Cj5, 

S - 75 ®C, 

A - 7^'»C'7;.75, (B2) 
V - 7^7'®C'7^, 

The Fierz transformation of the structures J = {P, S, A, V, T} read 

P = ^(^P + S-A + V + ^f 
S = ^(^P + S + A-V + ^f 
A = -P + S-^(^A + V^ , (B3) 
V = P-S-^(^A + V 
T = 3(^ + 5) - if . 

Viewing the Fierz transformation in terms of a Fierz matrix J- one can check that ^ 1. Using Eqs. (HU one can 
derive useful identities 

2{P - S)- A + V = 2{P - S)- A + V , 
&{P + S)+T = 6{P + S)+f, 

V = 2{P-S)-A^2V, (B4) 
T = 6{P + S)-2f. 

The symbol ~ is used to denote Fierz-transformed matrices according to J°"^'Pf^ = F"'^ ® (CT2)^'^ where a, (i, p and 
a are Dirac indices. 
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APPENDIX C: GAUGING AND MATRIX ELEMENTS OF THE n ^ pW" j.^^^a TRANSITION 

In this section we discuss the issue of gauge invariance in the context of the calculation of the baryonic matrix 
elements {B{p')\ V^-'^{0) \B{p)) and {B{p')\ A^^(O) \B{p)). The nonlocal structure of the strong interaction Lagrangian 
leads to the breaking of local symmetries, which can be restored using minimal substitution. In our approach we 
use an equivalent method suggested by Mandelstam [l^ based on multiplying the quark fields with path-ordered 
exponentials — gauge exponentials. As a result of gauging the strong interaction Lagrangian (jlSp the conventional 
triangle diagram in Fig. 2a has to be supplemented by the two additional diagrams in Figs. 2b and 2c. In our previous 
papers we have concentrated on electromagnetic processes. For the present application we extend this procedure 
to the clcctroweak interactions. Following Terning we can show that the Mandelstam method is equivalent to 
minimal substitution. Introducing the doublet of left fermions, L, (without specifying the number of generations), 
the free Lagrangian (kinetic term) for L is: 



C^{x) = L{x)i^,L{x) dyL{x)5\x - y)i 



Pexp / dz''r^(z) i(y) 



dyL{x)5^{x~y)VeyiY>[ / dzTf^izUip!^ L{y) ^ L{x)ip^ L{x) 



(CI) 



where Dji 



da 



2 YlB,. 



By analogy, the Mandelstam method works for the right singlet fields R 



C^{x) = R(x)i^^R{x)^ dyR{x)8\x - y)i^y 



T'exp / dz^^T"Az)]R{y) 



= / dyR{x)5\x - y)VcM / dz^^V^iz) Up^R{y) = R{x)i]p^R{x) 



(C2) 



where D^; 



da 



pi?. 



j-YjiBfj^. We employ the standard notation: (i=l,2,3) and are the gauge 
bosons, g„ and g'^ are the corresponding coupling constants (to distinguish them from the axial charge of the quark 
we attach the subscript W), Yl and Yr are the hypercharges of the left and right quarks, respectively. The set of the 
physical states of the gauge bosons {W^, Z", A) is connected to the set (W'', B) via 



= -j={Wl T iWD , Zl = cos e^Wl - sm0„B^ , 



,W?, 



cos e^Bf, , 



(C3) 



where 9^^ is the Weinberg angle which relates the electromagnetic coupling constant e and the couplings g^^ and g'^ 
via e = g^^- sin 9^ — g'^^ sin^^^^. The quantities V'rl and in terms of (VF^, A) fields are given by 



V2 



{W+T+ +W-T~)-ieis.n9^,Zl 



= - tan 9,,, Z° -ieQAf, 



T3 



2sin^ 



Q - ieQAf, , 



(C4a) 
(C4b) 



In the case of the strong baryon-three-quark interaction Lagrangian it is not necessary to rewrite the Lagrangian in 
terms of left quark doublets and right singlets. Instead we merely substitute each quark field q by its left-handed 
= (1 — 75)5/2 and right-handed Qr = {1 + j5)q/2 components. Then we proceed with the gauging of the theory. 
We only need to know the gauging for the quarks of specific flavor and handedness — e.g., for the left-handed ul, dL 
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and sl and the right-handed = ur, dji and sr quarks the gauging is 

y y 
UL{y) ^ Vexp(^J dz'^rf^iz)^ UL{y) +V exp(^J dz'^T^iz)^ d'^^iy) , (C5a) 

X X 

y y 
dL{y) ^ Vexp(^J dz^r^^iz)^ <(y)+Pexp(^ydz^r^(z)^ d'^^iy) , (C5b) 

X X 

y y 
SL{y) Vexp(^J dz^rf^iz)^ c'^{y)+Vexp(^J dz^rf^iz)^ s'^^iy) , (C5c) 

X X 

y 

qniy) ^ Pexp(^y dz^r^^(z)^ ^(y) (C5d) 

X 

where (ij) are pairs of flavor indices. The mixed left-handed quark fields are defined as: 

d'L = VuddL + VusSl + Vubbh , 

c'l = VluL + VlcL + V,ltL, (C6) 

s'l = VcddL + VcsSl + VcbbL ■ 

In the derivation of Eqs. (|C5b|l and (jC5cP we have used the unitarity condition ^ VikVL — 6ij for the CKM matrix 

k 

elements, which leads to the useful identities: 

SL = d'^Vl+s'^V,\ + b'^V,U (C7) 
bL = d'LV!, + s'^vi + b'LV,i. 

In the present manuscript we restrict our considerations to semileptonic processes {i.e., processes with a single in- 
termediate off-shell charged weak gauge boson W^^). Therefore, we expand the gauge exponentials and keep only 
the term linear in which gives a correction to the weak current (in addition to the standard term which comes 
from the gauging of the free quark Lagrangian). This is a rather important point. The use of nonlocal Lagrangians 
automatically requires an extension of the conventional currents dictated by the local symmetries. In addition we 
have an extra piece from "gauging" the strong Lagrangian which contains derivatives acting on quark fields. 

For illustration we derive the weak current which governs the n —^ pW~ transition. The first contribution comes 
from "gauging" the free Lagrangian: 

Jf (x) = ^Vud ul{x) 7^ dL{x) = -^Vnd u{x) d{x) (C8) 

where — 7^(1 — 7^). 

To derive the contribution due to "gauging" the strong interaction Lagrangian we take the three-quark currents of 
the proton and neutron and proceed as follows: 

• We express the quark fields in terms of left- and right-handed fields. One obtains: 



• We perform the gauging using the master formulas (jCSp and after some simple algebra we derive the "nonlocal" 
contributions to the weak current associated with the d u flavor exchange: 
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where 



V2 
H.c. 



(CIO) 



Using the Fierz transformation (see Appendix |B]) the Lagrangian C^p"''' '^^^^ be written in a more convenient 
form 



V^dPix) / da;i23F(a;,a;i,a;2,a;3)e"^"^"^ 7^(1 + 7^) (2:2)^7^^"^ (^3) /(x2, a;, 



_ 9w 9 N 

2^2 

+ ^^Vl^n{x) / dxi23^^(x,xi,a;2,X3)£'^^"^'^^7''(l + 7')rf"Ua;iKH^2)C7X'(^3)/(^2,x,W^~) 



2V2 
+ H.c. 



(Cll) 



where / dxi2z — J dxi J dx2 J dxs and I{x2,x,W'^) = / dz'^Wj^{z). 

X 

• We remind the reader that the function _F(a;, xi, 0:2, X3) is related to the scalar part of the Bethe-Salpeter 
amplitude and characterizes the finite size of the baryon. We use a particular form for the vertex function 
defined in Eq. (fT7)l . 

• The current Jf (a:) generates the triangle diagram (the left diagram in Fig.l) contributing to the n — > pW~ 
transition, while the current Ji^ix) generates the bubble diagrams (the central and right diagram in Fig.l). By 
analogy one can derive the currents which govern the other six modes. 

• A crucial check of our gauging procedure is to check the vector and axial-vector Ward-Takahashi identities 
(WTI) involving matrix elements of the n —> pW~ transition. In general, for an off-shell neutron and proton 
with momentum p and p' , respectively, and the momentum transfer q = p' — p, it is convenient to write down 
the corresponding weak matrix elements associated with the vector and axial vector current in the form (here 
and in the following we omit the weak coupling g and the CKM matrices in the matrix elements) : 



Kl{p,p')^Kl-^\p,p') + '^ 



(C12) 



and 



A^ip,p')^A^-'^{p,p') 



„2 



f ^n{p) + ^n{p)i'' 



o2 



2mq Ap{p,p) 



(C13) 



Here, Ajf'-J-(p,p') and A^^'^ip ,p') are the contributions to the vector and axial vector matrix elements orthogonal 
to the ly-boson (or leptonic pair) momenta; ^nIp) is the nucleon mass operator and Ap(j},p') is the pseudoscalar 
nucleon vertex function. 



Then, the vector and axial vector WTI are satisfied according to 

q'^ Al{p,p') = ^Mip')-^N{p) 

q^ A^(p,p') = -7'SAr(p)-Sjv(p')7' + 2m,Ap(p,p')- 
In our derivation we have made use of the quark-level identities 

Sg,ik+p'hMk+P) = S,,ik+p')^^Sg,ik+p) + ^[S,Ak+p')-Sg,{k+p)] 

+ %{mq.,_-mq^)Sq.,{k+p')Sq^{k+p), 



(C14a) 
(C14b) 



(C15a) 



SqAk + p')l,,l5Sq,{k + p) = Sq^{k + p'){jf,j5)^ Sq,{k + p) - ^il^Sq^k + p) + Sq.^{k + p')'^^ 



+ ^(.'^qi+'^q2)Sq2{k+p'h5Sq,{k+p) 



(C15b) 
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which lead to the vector and axial vector WTI on the quark level: 

)Sq2{k + p')Sq^{k + p) , (C16a) 
Sq^{k +p')'^^'^5Sq,{k +p) = +p')75 - 75S'gi(fc +p) + (m^i + m^JS^, (fc + p')75'5'?i (fc + p) . (C16b) 

We have introduced the notation = T'^{g^,y — q^j.qu/q^) for the so-called Dirac matrices orthogonal to the 
transverse momentum q. All three diagrams contribute to Ajf'^(p,p') and A^'^(p,p') 



Ar^^^fep') - a;:;/^(p,p') + Ki:^t'\p,p') + A]:roi-'^{p,p') (ci?) 



where 



A)^,A^'^fep') = -"Af J dfcl23$(2o)*[2o + 22(g)] 

X r^fSq{k+h''-fHT[T2fSq{k++q)0^Sqik+hf,Sqi-k+)] (C18a) 





X ri'Sqik'+hl^il + tlij^Sq{k'+)jf,Sq{^k'+)] , (C18b) 

1 

Kroi'^iP^P') ^ I dk,23 Li^Hzo) f dt^'[zo+tZ2{q)] 





X 7"(1 + 7')^,(fcf)7V tT[j^Sq{k+h0Sq{-k+)] . (C18c) 

Here Ti/ «) = 7^7^ «> 7a - 7" 7^75 + 2/ (g) 75 - 275 /. 
The expressions for SAf(p) and Ap{p,p') are given by 

= -ajv J dki23^\z^)YYSq{k+)-f^Y iv[^^Sq{k+)-i,3Sq{-k+)] (C19) 

and 

Ap(p,p') = -ajv y dfci23$(zo)'i[2o + 22(g)]ri/5,(fc+)7Vtr[r2/5,(fc2++g)755,(fc2+)7/35,(-fc3+)^^ (C20) 

We have used the notations from our paper on magnetic moments of heavy baryons Q : 

"B = 6.g| , kl = ki +puji , k'Y ^ ki +puji , zq = -6(fcJ + k^ + kl) 

dk,,, = "^'^^ff'f^' '^^(fci + fc2 + ^3) , - 12(fc, - V k.cu,) , (C21) 

2;i((7) = -12(7^(^^2 +^^2^3 +^^3) - -^19, 
22(g) = -12(7^(cji +cJitJ3 + Lj|) - ^29, 
23(g) = -I2q^{ujl+ujiuj2+ujj)- L^q. 

By analogy one can derive the matrix elements (i3(p')l ^fi(O) ^^'^ (^(p')l ^^,i(0) for the other six 

modes. 
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APPENDIX D: FUNCTIONS Ri{x) 



In this Appendix we write down the functions Ri{x = mi/ A): 

Roix) = yr^j^l - ^a;2 - 4.t4^ + ^a;4 In ^ 

2 



RGi^x) 



Rgi 



R^ 



Rf2 i^) 



1 + VT"- 

1 - Vl-a;2 



r r/ 45 2 37 4 3 105 , 1 + VT 

V 1 - a;2 1 a;^ + -a;^ H In 

\ 8 4 4/ 16 l-\/r 



- a:: 



4 



105 

T 



i-\/n^' 

•2 l + \/T^^ 
T ' 



■)ln V 

1- vr 



83 p 173 4 



a; 



x) — \f\ — X' 



;2 1 



16 24 



■x^ 



1 8 2 , 319 4 z 
-fl--a:2 + _a:^ + -a: 



11 6\ 175 4, i + \/r^ 

— a: H X In , , 

24 y 32 i-\/r^' 

2 g\ 21 4n ^2;2 1 + 713^ 
-a; a; 1 H in , 



= i?^,,(a:2) = vT^[l - + |a;- 



87 4 , fi\ 105 fi, l + \/T^ 

—a;-* + 6xM a;^ In , 

' 16 1-x/T^^ 



a;^ 



Rf^{x) — x'^Ro{x), i?G2(x) = (1 — a;2) 

13 2\ 

X — 



g 

Rpisix) = -x^Vl- 



- a;2 1 



15 4 a;2 l + ^/T" 
— a; 1 H in = 

4 ^ 4' l-VT- 

RgM - 71^(^1 - ^a:2 + -l^x^ In i±-^i=|=, 



- a;^ 



- a;^ 



^Gi3(a;) = ^x2\/l-a;2^1 
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"6 



■a;' 



' + -a; 



/ 2 ^ 4 ^ 1_VT3 



a;^ 



a: 



(Dl) 



APPENDIX E: CHECK OF THE ADEMOLLO-GATTO THEOREM (ACT) 

As stressed above, the Ademollo-Gatto theorem (AGT) fl|] protects the vector form factors from leading SU(3)- 
breaking corrections generated by the mass difference of strange and nonstrange quarks. The first nonvanishing 
breaking effects start at second order in symmetry-breaking. To demonstrate that this theorem is fulfilled in our 
approach we consider a strangeness-changing flavor transition Bi — *■ BjCVe- The corresponding matrix element at 
q = p' — p — is written as 

Mj^f (p, p) = UB, (p)7m Ff'''^ iO)uB. ip) , (El) 
where the vector coupling constant i^^^'^^ (Q) is defined as 

Ff'^'iO) ^ f^'^vf'^' . (E2) 

Note that we have already proved (see 5]) that the vector form factor /f" obeys the AGT. Therefore, we merely need 
to demonstrate that the same is true for the form factor ' ' encoding valence quark effects — the valence quark 
vector form factor. In other words, due to the factorization of chiral effects and the effects of valence quarks, both form 
factors " /f" and y/^^^^ should obey the AGT. The quantity y^"^^' ig expressed in terms of the baryon-three-quark 
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coupling constants gs- = gsi'iTiBij'm'ii) and gs = gsii^B the Clebsch-Gordan coefficients Cy'^^ and the 

structure integral Is^Bj — -^("iSi , 'ti^^ , rriii, mij), according to the contributions from the diagrams in Fig. 2: 

V^'''^ = gB^gB.Cy^''' Ib^b, (E3) 

where rrii = rus and rrij — m are the masses of strange and nonstrange quarks, fn the above formulae we do not 
display the dependence on the spectator quark masses m2 and 1713. Note that the coupling constant gsi is related to 
the structure integral iBiBj as g^. = l/lBiBi- 

Next, using the transformation of the matrix element M^^y' {p,p) under hermitian conjugation 

(^Mf'^f^ (p,p)y = UBMl,Ff^'''{0)uBAp) - KfiP^P) = ubMi^^Fi'^^'^^^bM , (E4) 

we deduce the condition I BiB = Ib Bi which means that the structure integral /(ms^ , . , mi^, mij) is symmetric 
under the transformations ^ msj, mn ^ niij: 

I{mB,,mBj,mii,mij) = I{mBj,mBi,mij,mii) . (E5) 

Using the latter constraint, we express the structure integral iBiBj through the coupling constants gBi and gBj, i-C. 
one has 

Ib.Bj = 2 (Jb,B, + Ib.B-^ = 2 (Jb,B, + iBjB, + 0{S%^B, 7 Sfj,SB,BjSij) 

where the parameters (Js^s^ — m^. — m^^ = 0{S) and Sij — mu — my = 0{S) arc of first order in SU(3) breaking. 
Using the expansion (|E6|) we then obtain 

CBiBj / 
_ V I 9B, ^ gB, , ^^^^2- 



' = ^^^7— [^ + ^+ 0{S') . (E7) 
2 \gB, gB, ) 

Finally, expanding gBi/gBj + gBj/gBi in terms of the difference gBi — gBj ^ 0{5) 

^ + ^ = 2 + ^lE,^^ + 0{{gB. - ^ 2 + 0{5-) (E8) 

9B, gB, 

we prove the AdemoUo-Gatto theorem 

yB^B, ^ ^B^B, ^ ^^^2)) (gg^ 
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Fig. 1. Baryon mass operator. Bold and thin lines refer to the baryons and quarks, respectively. Quarks are labeled 
by the indices k — 1,2, 3. 




Fig. 2. Diagrams contributing to the matrix elements of the bare quark operators V^^lO) and A^^f,{0), fc = 1,2,3 : 
triangle (a), bubble (b) and (c). Bold, thin and wiggly lines refer to the baryons, quarks and external weak field, 
respectively. Quarks participating in the quark flavor transition qt — > qj are labeled by the indices li and Ij, while the 
spectator quarks - by the indices 2 and 3. Initial and final baryons are labeled by the indices i and j. 
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Table 1. Magnetic moments of the baryon octet (in units of the nuclear magneton fx^) 
and nucleon electromagnetic radii (in units of fm^). 



Quantity 


Our results fill 


Experiment [3] 


Valence 
quarks 


Meson 
cloud 


Total 




2.530 


0.263 


2.793 


2.793 




-1.530 


-0.383 


-1.913 


-1.913 


MA 


-0.575 


-0.038 


-0.613 


-0.613 ±0.004 


Ms+ 


2.336 


0.196 


2.532 


2.458 ± 0.010 




-0.942 


-0.327 


-1.269 


-1.160 ±0.025 


Mh" 


-1.240 


-0.096 


-1.336 


-1.250 ±0.014 


Mh- 


-0.599 


0.033 


-0.566 


-0.6507 ± 0.0025 


ImeoaI 


1.273 


0.293 


1.566 


1.61 ± 0.08 




0.700 


0.078 


0.778 


0.767 ± 0.012 




-0.0628 


-0.0542 


-0.117 


-0.1161 ±0.0022 




0.637 


0.118 


0.755 


0.731 ± 0.060 




0.618 


0.099 


0.717 


0.762 ± 0.019 



Table 2. Numerical values for the radiative corrections in % (taken from Ref. [2§|). 



Decay mode 


<^rad 






Cd 


"rad 


n — > pe~De 


6.96 


1.98 


1.98 


2.10 


2.10 


A perve 


4.17 


1.99 


1.99 


2.10 


2.10 


— > ne~De 


1.85 


1.98 


1.98 


2.10 


2.10 


E+ ^ Ke+Ve 


2.25 


1.99 


1.99 


2.10 


2.10 


Ae^Pe 


2.22 


1.99 


1.99 


2.10 


2.10 




1.95 


1.98 


1.98 


2.10 


2.10 


E- -> E"e-i^e 


2.10 


1.99 


1.99 


2.10 


2.10 


SO ^ S+e-Pe 


4.36 


1.99 


1.99 


2.10 


2.10 


A pn^Vf,, 


6.78 












1.88 












2.12 










E° ^ E+/.-i>^ 


6.78 











Table 3. Couplings V{i' ' and A 



Mode 


Our results 


SU(6) quark model 








^11 




^11 


n - 




1 


1.452 


1 


5 
3 


A- 


-^P 


-1.146 


-1.039 


-^- = -1.225 


-^-=-1.225 


s- 


— > n 


-0.943 


0.307 


-1 


1 

- = 0.333 
3 


s- 


A 


-0.002 


0.724 





^3 =0.816 




A 


1.170 


0.388 


^^ = 1.225 


^ = 0.408 






0.689 


1.035 


^ = 0.707 
\/2 


V = 1-179 


■=■0 _ 




0.975 


1.464 


1 


1 = 



Table 4. Couplings V^i 31^ and A. 



Mode 


j/BiBj 


-i/BiBj 
^31 


^21 


^31 


n p 


1.530 








2.850 


A ^ p 


-0.840 


-0.093 


-0.042 


-1.431 


S- ^ n 


0.802 


-0.288 


-0.047 


1.467 


S- ^ A 


1.180 


-0.034 


0.034 


2.517 




0.009 


0.231 


0.061 


-0.048 




1.235 


0.014 


0.006 


2.374 


SO ^ E+ 


1.747 


0.019 


0.009 


3.357 



Table 5. Semileptonic decay constants of baryons ' ^ and G 



Decay mode 






n ^ p 


1 


= 1.258 (1 + dj^) = 1.2o95 


A ^ p 


~V 2^ = -1-226 


-0.928 (1 + 6^^) = -0.888 


Zj — > n 


— (1 + Oy ) = —1.009 


0.243 (1 + 0^ ) — 0.262 


V— A 


—0.002 


0.613 (1 + 0^ ) = 0.633 


> _/V 


Y 2(1 + V ) 1-252 


0.315 (1 + 02 ) = 0.332 




-^(l + <5p) = 0.737 


0.890 (1 + 6f^) = 0.885 




1 + = 1.042 


1.258 (l + 5f^) = 1.252 



Table 6. Ratios G"' '/F^ 



Decay mode 


Our results 


Data [3] 


71 — > p 


1.2695 


1.2695 ± 0.0029 


p 


0.724 


0.718 ± 0.015 


Gi/Fi 


-0.260 


-0.34 ±0.017 


Y.- -> n, (Gi - 0.237G2)/i^i 


-0.278 


-0.327 ±0.007 ±0.019 




0.265 


0.25 ± 0.05 




1.20 




SO ^ S+ 


1.20 


1.20 ± 0.04 ± 0.03 
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Table 7. Semileptonic decay constants of baryons F2^^^ and G^J^^^ . 
Here /i^r = 0.13957 and — 0.493677 are the dimcnsionless masses of tt and K mesons. 



Decay mode 


pBiBj 


QBiBj 


pBiBj 






n ^ p 


1.853 








2.187 / 


2.271\ 

O.ZtJ 


IV ^ p 




U.u ( z 


n OR? 


1.647 / 


2.035\ 
Mi' ^ 




n Q71 




— n n^^ 


0.536 / 


0.663N 

Mi' ) 








u.u±u 


1.645 / 
/4 ' 


1.735\ 
a4 ' 




0.162 


0.076 


0.052 


1.002 / 


1.403\ 

> 




1.770 


0.037 


0.035 


2.783 / 


3.631\ 


SO E+ 


2.503 


0.052 


0.050 


3.936 / 


5.137\ 



Table 8. Ratios Fp ' /F^ 



Decay mode 


Cabibbo model [2] 


l/A'^c expansion [33] 


XQSM [34] 


Our results 


n ^ p 


i(^p - fin - 1) = 1-853 


1.85 


1.57 


1.853 


p 


;^(A.p-l) = 1.066 


0.90 


0.71 


1 




+2fin-l) = -1-297 


-1.02 


-0.96 


-0.962 


E-->A (F2) 




1.17 


1.24 


1.206 




-:7^(Mp + M«-1) = 0-085 
zmTv 


0.06 


0.02 


0.129 




:7^(Mp-Mn-l) = 2-609 


1.85 


2.02 


2.402 




:?^(Mp-Mn-l) = 2-597 


1.85 




2.402 



Table 9. Results for the E ^ ne decay. 



Quantity 


Lattice approach [35| 


Our results 


Fi 


-0.988 ± 0.029iatticc ± 0.040HBChPT 


-1.009 


Gi/Fi 


-0.287 ±0.052 


-0.260 


(Gi - 0.237G2)/Fi 


-0.37 ±0.08 


-0.278 




-0.85 ±0.45 


-0.962 


F3/F1 


0.24 ±0.12 


0.055 


G2/F1 


0.35 ±0.15 


0.077 


G3/F1 


-3.42 ± 1.85 


-2.180 



Table 10. Decay widths T (in units of 10^ 8"^ 
for neutron decay in units of 10^'^ s^^). 



Decay mode 


Our results 


SU(3) fit 


Data [3] 


r 


r(Fi,Gi) 


r(Fi(0),Gi(0)) 


ro 


n — > pe~Df, 


1.12 


1.12 


1.12 


1.05 


1.12 


1.129 ± 0.001 


A — > pe~Vf, 


3.28 


3.26 


3.10 


3.15 


3.16 


3.16±0.06 


A pn^Vf_, 


0.57 


0.56 


0.51 


0.53 


0.52 


0.60±0.13 


E^ ne~De 


6.50 


6.50 


5.72 


6.39 


6.19 


6.88±0.24 


E" nfi"!?^ 


3.15 


3.15 


2.54 


3.09 


2.74 


3.0±0.2 


E+ ^ Ae+i^e 


0.26 


0.26 


0.26 


0.25 


0.27 


0.25±0.06 


E^ Ae^i>e 


0.43 


0.43 


0.43 


0.42 


0.45 


0.39±0.02 


—>■ Ae^Pe 


3.35 


3.35 


3.15 


3.28 


2.80 


3.35±0.37 


ApL~v^ 


0.96 


0.96 


0.85 


0.94 


0.76 


9 1+21 


E- TPe-Ve 


0.52 


0.51 


0.50 


0.51 


0.51 


0.53±0.10 


E"/i"j>^ 


0.0067 


0.0067 


0.0064 


0.0065 


0.0064 


< 0.05 


SO ^ E+e-j?e 


0.93 


0.93 


0.91 


0.89 


0.91 


0.93±0.14 


SO ^ E+/x-j>^ 


0.0081 


0.0081 


0.0078 


0.0076 


0.0078 


0.02±0.01 



Table 11. Predictions for r/|FcKMp (in units of 10^ s" 



Decay mode 


r/\VcKM\^ 


Decay mode 


r/I^CKMl' 


A pe~Pe 


6.48 


S~ — > Ae~z>e 


6.62 




1.13 


S" ^ A/i-j/^ 


1.90 


E~ ne~De 


12.84 




1.03 




6.22 


s- ^ sv-i>^ 


0.013 


S+ ^ A( +;/, 


0.027 




1.<S4 


S~ Ae~De 


0.045 




0.016 



Table 12. Asymmetry parameters. 



Decay mode 




ae 




as 


n —^ pe~i>e 


-0.08 


-0.10 


0.99 


-0.48 


A pe~De 


-0.01 


0.02 


0.92 


-0.60 


S~ — > ne~Pe 


0.42 


-0.50 


-0.32 


0.65 


S+ ^ Ae+i^e 


-0.39 


-0.68 


0.63 


0.06 


S~ — > Ae~S'e 


-0.40 


-0.69 


0.63 


0.07 


S~ — > Ke~9e 


0.54 


0.23 


0.57 


-0.54 


E- TPe-Ue 


-0.19 


-0.18 


0.96 


-0.46 


SO ^ E+e-i/e 


-0.18 


-0.17 


0.92 


-0.45 



